Disruption of the mdr2 gene in mice leads to a complete absence of phospholipid from bile (Smit, J. J. M., et al. 1993. Cell. 75:451-462). We have investigated the control of both mdr2 P-glycoprotein (Pgp) expression and bile salt secretion on biliary lipid secretion in the mouse. Lipid secretion was monitored at various bile salt output rates in wildtype mice (+/+), heterozygotes (+/-), and homozygotes ( -/-) for mdr2 gene disruption. In ( -/-) mice, phospholipid secretion was negligible at all bile salt output rates. In (+ /-) mice, a curvilinear relation between bile salt and phospholipid secretion was observed similar to that in ( +/ +) mice; however, at all bile salt secretion rates phospholipid secretion was reduced compared to (+/+) mice, indicating that mdr2 Pgp exerts a strong control over secretion.
Introduction
Biliary phospholipid secretion serves at least two functions. On the one hand it ensures solubilization of cholesterol and on the other hand it mitigates the detergent action of the high concentrations of bile salts in the biliary tree. It has been demonstrated in several model systems (1) (2) (3) that the presence of phospholipid and cholesterol greatly reduces the otherwise cytotoxic action of bile salts. The mechanism by which these lipids enter bile is not known although several models have been proposed (4) (5) (6) . In many studies a clear-cut relation has been observed between the secretion rate of bile salts and biliary lipids (7) (8) (9) . Because of the detergent activity of the micellar bile salt concentrations in the canaliculus, it is generally assumed that bile salts act at this level to solubilize lipids from the membrane and indirect evidence for this assumption exists (10, 11) . However, bile salts may also promote the transhepatic flux of biliary lipids at other levels, like phospholipid synthesis (12) and intracellular transport via lipid vesicles (13, 14) and/ or via phosphatidylcholine (PC)' transport protein (15, 16) .
It was demonstrated recently that mdr2 P-glycoprotein (Pgp) in the canalicular membrane of the mouse plays a crucial role in the secretion of phospholipids into bile (17) . Mice in which the mdr2 gene was disrupted by homologous recombination [mdr2 (-/ -) mice] displayed a complete absence of phospholipids in bile and a strong depression of cholesterol secretion. The latter observation is in line with the fact that phospholipid and cholesterol are secreted into bile in a coordinate fashion (9) . In addition to a reduced lipid secretion, other abnormalities were also observed in ( -/ -) mice: bile flow and biliary chloride secretion were significantly increased and glutathione secretion was strongly diminished. Heterozygous (+ / -) mice, which are expected to have 50% of the normal expression of this gene, had a significantly reduced phospholipid secretion (60% of normal) and this was the only abnormality observed in these animals. It was therefore proposed that the loss of phospholipid secretion was the primary consequence of the mdr2 gene disruption.
The highly homologous mdrl Pgp has been characterized as an ATP-dependent transporter of amphipathic cationic and neutral compounds (for review see reference 18) . Overexpression of this protein renders cells resistant to toxic amphipaths by reducing the intracellular content of these compounds. Overexpression of mdr2 Pgp in cells does not confer this resistance and it has therefore been postulated that this protein may have a different substrate specificity (19) . Based on its homology with mdrl it may be hypothesized that mdr2 Pgp also functions in the transmembrane movement of its substrate. In view of our previous observations, (one of) the potential substrate(s) is most likely PC. An attractive possibility is that mdr2 Pgp acts as a flippase in the transport of phospholipid from the inner to the outer leaflet of the canalicular membrane. A flippase-like function has also been suggested for the mdrl Pgp homologue (20, 21) .
Since PC secretion was hitherto thought to be primarily driven by bile salt secretion, we have investigated the relation between bile salt and phospholipid secretion in normal ( + / +) mice and in mice heterozygous (+/-) and homozygous (-I -) for the mdr2 gene disruption.
Methods
Animals. The generation of mice that are homozygous (-/ -) and heterozygous (+/-) for the mdr2 gene disruption with the 129/Ola strain (+/+) as genetic background has been described by Smit et al. (17) . All mice including 129/Ola controls were bred in our own colony and were used for experiments at 2-4 mo of age. The animals were anesthetized by intraperitoneal injection of 1 ml/kg Hypnorm (fentanyl/ fluanisone) and 10 mg/kg diazepam. The abdomen was opened and the gallbladder was cannulated after distal ligation of the common bile duct.
In some experiments, taurocholate (30 mM in PBS) was infused into the tail vein at the indicated rate. Directly after cannulation, bile sampling was started and continued for up to 2 h. The body temperature was maintained by placing the animals on a thermostatted heating pad and by covering them with a piece of tin foil. Bile samples were collected on ice and immediately frozen at -20'C. Bile flow was determined gravimetrically assuming a density of 1 g/ml for bile. Assays. Total phospholipid was determined enzymatically with phospholipase D and choline oxidase (22) . Cholesterol was assayed enzymatically with cholesterol oxidase (23) . Total bile salt concentration was measured spectrophotometrically with 3a-hydroxysteroid dehydrogenase (24 (Fig. 1 A) . A similar pattern of decreasing output was found for phospholipids and cholesterol (Fig. 1 B) . Using this mice, the latter being only -30% above the endogenous output rate (Table II) . Thus, maximal bile salt secretion capacity is bile salt output (nmol/min.1 00gr)
significantly reduced with deletion of each mdr2 allele. (Fig. 3 D) . In contrast, in (-/-) animals cholesDpatic circulation (Fig. 1) , summation of the total terol secretion increased from very low levels (< 0. other two isomers probably represent a-and Q-muricholate.
Only very low proportions of other bile salts (chenodeoxycholate, deoxycholate, and ursodeoxycholate) were detected. At the end of the taurocholate infusion period (t = 120) Bile samples from the experiment in Fig. 3 were analyzed by gas chromatography-mass spectrometry to quantify the amount of the different bile salt species. Samples collected directly after cannulation (t = 0) were compared with samples collected during the last 10-min period of 2 h of increasing taurocholate infusion (t = 120). For experimental details, see Fig. 3 . N.D., not detectable.
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Oude Elferink, Ottenhoff, van Wijland, Smit, Schinkel, and Groen sion. The taurocholate infusion that was performed in the experiments of Fig. 3 leads to high bile salt concentrations in the canalicular lumen. To evaluate possible aspecific extraction of phospholipids from the canalicular membrane at high taurocholate infusion rates we analyzed pre-and post-infusion bile samples by TLC (Fig. 4) . Post-infusion bile samples from (+/+) mice clearly contained an increased amount of phosphatidylethanolamine compared with pre-infusion samples. Sphingomyelin was not observed. In (-/-) mice, neither PC nor phosphatidylethanolamine was observed, indicating that no aspecific extraction took place. Despite the absence of phospholipids in post-infusion bile samples from (-/-) mice, a clear increase in the amount of cholesterol was observed in line with the enzymatic determination shown in Fig. 3 D. Bile salt-dependent and -independent bile flow in the mouse genotypes. We have observed previously that bile flow is increased significantly in the (-/-) mice (17) . In view of the observed ductular hyperplasia in (-/-) mice (17) , the question arose whether the increase in bile flow might represent Table I ) suggests that this may be the case; it is possible that the rate of PC secretion determines the rate of synthesis if a feedback mechanism is operative.
Although it may be assumed that the maximal rate of PC secretion is largely determined by the maximal velocity of mdr2 Pgp, the relation between bile salt and phospholipid secretion can probably not be described by a simple hyperbola with VN. of mdr2 Pgp as maximum: in both (+/+) and (+/-) mice, the curve tends to become linear at higher bile salt secretion rates and the slope of this linear part appears similar in both (+/+) and (+/-) mice. As a consequence, the decrease of phospholipid secretion in the (+/-) mice is more pronounced at low rates of bile salt secretion.
To investigate whether the defect in phospholipid secretion in (-/-) mice also pertains at high bile salt flux we infused increasing amounts of taurocholate up to rates that exceeded the transport maximum of these animals. The bile salt transport maxima which were obtained in this way turned out to be different in the three genotypes: a stable maximum output rate of 1,230 nmol/min per 100 g was reached in the control mice, while this did not exceed 810 nmol/min per 100 g in the heterozygotes and 680 nmol/min per 100 g in the homozygotes. In our previous report, we observed an increased bile salt output in ( +/-) and (-/-) mice ( 17) . From our present results we can conclude that this increase is caused by an enlarged bile salt pool in these animals [19.6 ,Lmol/ 100 g in (-/-) vs 12.6 ymol/ 100 g in ( + / + ) mice]. This enlargement is most probably due to an increased bile salt synthesis from cholesterol as a consequence of the increased cholesterol content of the liver (Table I ). In the experiments of Fig. 3 and Table H , a more reliable estimation of the maximum bile salt transport capacity of the livers of the three mouse genotypes is obtained because bile salts are administered at a continuous high infusion rate. The cause of the decreased maximal bile salt transport capacity of the ( -/-) and (to a lesser extent) ( +/-) liver is not clear. Indirect evidence has been obtained in the past which indicates that at high bile salt secretion rates vesicular transport of bile salts may contribute to their canalicular secretion (for review see reference 26); colchicine inhibits bile salt secretion at high secretion rates (27, 28) and electronmicroscopic studies using antibodies against bile salt have demonstrated an interaction of bile salt with intracellular membranes (29). If PC is supplied via vesicles, the flux of these vesicles will be reduced in ( + / -) mice and (almost) absent in (-/ -) mice. Thus, if transport of bile salts associated with these vesicles contributes to bile salt secretion, total secretion will be reduced in these animals. However, it is unlikely that such a pathway contributes for as much as 50% to total bile salt secretion. An additional explanation for the reduced maximal bile salt secretion might be an altered lipid composition of the canalicular plasma membrane in (-/-) and (+/-) mice as compared with (+/+) mice. It is not likely that the reduced bile salt transport is caused by damage to the canalicular membrane; the reduction of transport is already observed at submaximal bile salt transport rates and an intermediate reduction is observed in (+/-) mice which secrete considerable amounts of lipid.
Our results show that under conditions in which endogenous bile salts are secreted in the absence of phospholipid, the disposition of cholesterol into the canaliculus is also severely impaired. Nevertheless, a reduced level of phospholipid secretion is sufficient to reach full cholesterol output, since in the heterozygotes a 50% reduction in phospholipid secretion had no significant effect on cholesterol output. This suggests that the ratio of phospholipid to cholesterol can vary significantly but that a minimal phospholipid secretion is obligatory for normal cholesterol output. This is in line with the fact that mixed micelles of bile salt and phospholipid have a much higher capacity to take up cholesterol than pure bile salt micelles (30) . Alternatively, this observation may support the view that phospholipid and cholesterol are taken from the canalicular membrane as intact units. If this is indeed the case, the changed phospholipid/cholesterol ratio that is observed in bile of the ( + /-) mice should also prevail in (the outer leaflet of) the canalicular membrane of these animals.
In accordance with data obtained in other species (31- In the (-/-) mice, a significantly increased bile flow was observed. This phenomenon was especially striking because the glutathione secretion was found to be strongly diminished in these mice (17) . Glutathione is thought to drive a substantial fraction of the bile salt-independent bile flow in the rat (37, 38) . Our experiments show that the increased flow can be fully attributed to an increase in the bile salt-independent bile flow. One of the possible causes for this phenomenon is the strong ductular proliferation that was observed in (-/-) mice (17) . Bile ducts also give rise to water flow (39) . In several species including humans, pathological or experimental conditions, which lead to ductular proliferation, give rise to increased bile flow (40) (41) (42) . However, several other mechanisms are possible as well. The pathology in (-/-) mice could lead to an increased paracellular permeability. Alternatively, a reduction of ductular resorption of biliary solutes could also lead to an increase in bile salt-independent flow. Further experiments are needed to define the exact cause.
What is the mechanism of mdr2 Pgp-mediated PC secretion? As discussed previously (17) , the most likely hypothesis is that it translocates PC from the inner to the outer leaflet of the canalicular membrane. Strong support for this model was recently provided by Ruetz (44, 45) . If this is also the case for the canalicular membrane of hepatocytes, this may provide a mechanism for the repulsion of PC into microdomains.
Assuming that the protein indeed acts as a flippase, its role in PC secretion will depend strongly on the mechanism of intracellular PC transport. Two mechanisms have been proposed. 
